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Abstract 
Four phosphines (Ph2P)2C=CHPPh2, (p-tol)2PCH2P(p-tol)2, (o-tol)2PCHiP(o-tol)2, 
Ph2PCH2P(p-tol)2 and their pentacarbonyltungsten complexes have been prepared and 
studied as part of a continuous investigation of polydentate phosphines that are 
coordinated as monodentate ligands. The ligand, (Ph2P)2C=CHPPh2, was prepared by 
base-catalyzed addition of Ph2PH to Ph2PC=CPPh2. Reaction of this ligand with 
(OC)s WNH2Ph Jed to formation of a monodentate complex in which the . 
diphenylphosphino group attached to CH=C is coordinated to tungsten, (OC)5W[171-
PPh2CH=C(PPh2)2]. Similar reactions led to the formation of (OC)5W[1,1-P(p-
tol)2CH2P(p-tol)2] and (OC)s W[ 171-P( o-tol)2CH2P( o-tol)2] . The linkage isomers, 
(OC)s W( 771-PPh2CH2P(p-tol)2] (A) and (OC)s W[ 171-P(p-tol)2CH2PPPh2] (B) were also 
studied and their rates of isomerization in chloroform were followed with 31P{1H} NN1R 
spectroscopy. Rate constants for the conversion of A to B and B to A are ( 1. 4 ± 0. 6) x 
10-6 s·1 and (6.9 ± 0.3) x 10·7 s·1 at 55°C, respectively. The equilibrium constant, BIA, is 
2.00. 
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Introduction 
Metal carbonyl complexes and their phosphine derivatives occupy a central place 
in organometallic chemistry and in catalysis. The most widely used of the polydentate 
phosphine ligands, Ph2PCH2CH2PPh2 (dppe), was first synthesized and coordinated to 
transition metals in 19601. Since then) it has been used to stabilize hundreds of transition 
metal complexes, functioning as a chelating, bridging, or dangling ligand: 
L MP~Ml n 
n 
Dangling ligand complexes are transition metal complexes in which polydentate 
phosphorus ligands are incompletely coordinated. They are important precursors for the 
synthesis of heterobimetallic compounds. 
Typically, dangling and bridged dppe complexes decompose when heated to give 
chelated products that are stabilized by the presence of a relatively strain-free five-
membered ring2'3. For example, W2(C0)1o(dppe) is converted to W(C0)4(dppe) and 
W(C0)6 at elevated temperatures4•5•6: 
(OC)5W~PW(CO)s 
p 
(OC)4v( ) + W(C0)6 
p (1) 
Dangling dppe complexes are the least abundant and least stable of the three 
structural types, undergoing chelation whenever a vacant coordination site becomes 
available. As a result, isolable complexes are restricted to those that have a degree of 
substitutional inertness. Synthetic success is possible only when chelation is slow 
1 
compared to the time required for isolation. Potential synthetic methods are summarized 
as follows: 
(1) Photolysis 
The synthesis of an important precursor for making dangling ligand complexes 
was first developed by Strohmeier in 1969.7 By irradiation of group 6 metal 
hexacarbonyls in the presence of excess tetrahydrofuran (THF), a mono-substituted 
intermediate complex can be formed, in which the THF can be easily substituted by a 
phosphine ligand. 
UV 
THF 
(OC)sM(THF) + CO (2) M(C0)6 
(OC)5M(THF) + L (OC)sML + THF 
(3) 
The complexes (OC)s:MPPh2H and (OC)s:MPPh2CH=CH2 (M=Cr or W) have 
been synthesized in very good yield using this method8'9 . These complexes can be 
converted to (OC)sM[ r/-dppe] by vinyl addition reactions to be discussed in a later 
section. 
(2) Aniline Substitution 
(Aniline)pentacarbonyltungsten(O), (PhNH2)W(C0)5, can be prepared by the 
irradiation of W(C0)6 in the presence of a three- to five-fold excess of aniline in THF. 10 
The displacement of aniline from (C0)5 W(NH2Ph) by phosphine ligands occurs readily 
in a stirred solution of benzene or toluene at room temperature. 11 
(OC)sML + PhNH2 (4) 
2 
The complexes (OC)sW[171-Ph2P(CH2)nPPh2] (n = 1,2) have been prepared by this 
method12. The complex (OC)sW[171-dppe] was prepared from a 3:1 molar ratio of dppe 
and (CO)s W(NH2Ph), while a 1: 1 ratio gave the dimetallic complex (OC)5 WPPh2CH2 -
CH2PPh2W(CO)s as the dominant product. A 1:1 ratio of(CO)sW(NH2Ph) and 
Ph2PCH2PPh2 (dppm), however, yields only (OC)sW[171-dppe]. 
(3) Oxidative Decarbonylation ofM(C0)6 
The carbonyl groups in M(C0)6 can be removed by oxidation of carbon monoxide 
with trimethylamine N-oxide [(CH3) 3N0]. 13•53 
rt 
(OC)sML + (CH3)3N + C02 
(5) 
For monodentate phosphine ligands, some di- and tri-substituted complexes, 
(OC)~2 and (OC)3Ml,3 may form. 
The complexes (OC)sM[PPh2(CH2).J>Ph2] (n = 2, 3, 4; M = Cr, Mo) have been 
prepared in low yields (13-42%) by adding (OC)sM(NCCH3) prepared in situ from 
M(C0)6 and (CH3)3NO in CH3CN or a CH3CN/THF mixture54. The monobridged dimer 
is a major by-product. The use of a slight excess of the diphosphine improves the yield of 
the dangling diphosphine complexes25. 
( 4) Nucleophilic Substitution 
This method was originally designed to provide specific syntheses of complexes 
containing neutral monodentate ligands, such as (H3P)Cr(C0)5. 14 Connor, et al, 15 
extended this method to the synthesis of dangling di phosphine and phosphine/arsine 
3 
(n=l-3), Ph2PCH2CH2AsPh2(ape)] and reported yields of> 70%. 
(OC)sMX- + L + (R30)(BF 4)--- (OC)sML + RX + RzO + BF 4-
( X = halogen; R = alkyl ) (6) 
( 5) Thermal Reactions 
The reactions were carried out by refluxing a mixture of the starting materials in 
diglyme.16 
M(CO) + xl diglyme .,. (OC)5_xMLx + xCO (7) 6 160 - 165~C 
( L= phosphine; diglyme= bis-2-methoxyethyl ether; M=Cr, Mo, W : 
The value of x depends primarily on the product desired and, to a lesser extent, on 
the nature of the ligand and the reaction time. 16 A slight deficiency of ligand favors the 
formation of mono-substituted complexes. However, when di phosphine ligands were 
used, chelated complexes were the dominant products. 17 
( 6) Vinyl Addition Reaction 
All the methods mentioned above have limitations for synthesizing dangling 
diphosphine complexes. In particular, phosphine-bridged complexes tend to form if 
vacant coordination sites become available. In addition, reactions at higher temperatures 
tend to give chelated products. Further, these methods do not allow for control of which 
end of an unsymmetrical diphosphine ligand becomes coordinated to the metal. This 
problem arises when one uses an already synthesized unsymmetrical diphosphine ligand. 
4 
By the early seventies, several research groups had demonstrated that secondary 
phosphines, catalytically assisted by base or free radicals, add to vinyl phosphines to 
form polyphosphines in high yield18-20 . Later it was shown that secondary phosphines can 
be added to coordinated vinyl phosphines21 , and by this approach it became possible to 
control the number of metal sites to which a polydentate phosphine coordinates. For 
example, M(CO)s(1,1-dppe) (M = Cr, Mo, W) can be prepared selectively without the 
formation of unwanted chelated or bridged dppe complexes: 
In this reaction, carried out under mild conditions, vacant coordinCl:tion sites are 
not available and dangling complexes can be isolated in high yield. The power of the 
method is further illustrated by the selective preparation of all five complexes of 
(OC)sW~ ~p p 
(OC)sW~p~PW(CO)s 
W(CO)s 
\ 
(OC)sWP~p~p 
W(CO)s 
(OC)sWF'-.,,/',J,,.,.,__~ PW(C0)5 
In addition, double dangling phosphine complexes, exceedingly difficult if not 
impossible to prepare by substitution reactions, can be obtained by vinyl addition 
reactions:8'24 
5 
M = Cr, Mo, W 
~p 
p 
p 
M =Fe 
Thermally robust complexes such as (OC)5M(771-dppm).and (OC)5M(1J1-dppe) (M 
slowly at room temperature with half lives of many months. 15'25 The slow rate of 
chelation makes the isolation of these compounds possible. Their inert nature has been 
further confirmed by early 31P{1H} NMR studies showing that phosphorous exchange of 
coordinated and dangling phosphines was slow on the NMR time scale. 15 It was reasoned 
that stability with respect to chelation also implies stability with respect to phosphine 
exchange. 
In previous work26, kinetic and thermodynamic data were obtained for the 
chelation and isomerization of (C0)5M[ 1(PPh2CH2CH2P(p-tol)2] (M = Cr, Mo, W). 
(9) 
6 
Each of the six dangling complexes undergoes slow isomerization and chelation 
at ss0 c in perdeuterated toluene. The reactions were monitored by 31P{1H} NMR 
spectroscopy. The rate of the chelation of the tungsten complexes is too slow to measure, 
while the chromium and molybdenum complexes undergo chelation at very slow but 
qieasurable rates. Rate constants and equilibrium constants are shown in Table 1. 
Table 1. Rate Constants and Equilibrium Constants for Reaction (9) at 55°C in CD3C6D5. 
M k1 k..1 kz k3 Keq(lsom) 
108 s·1 108 s-1 108 s·l 108 s·1 
Cr 1.22 0.65 1.15 1.24 1.88 
Mo 759 387 29.6 30.3 1.96 
w 2.31 0.97 2.38 
However, in 1994, it was reported that the rate of phosphorus exchange in 
(OC)sW[771-PPh2CH2CH(PPh2)2] is much faster than expected and significantly faster 
than chelation27. In fact, it could be monitored conveniently at sub-ambient temperatures. 
(10) 
Quantitative kinetic and thermodynamic parameters of the above isomerization have been 
determined by 31P{1H} NMR spectroscopy and are listed in Table 2. 
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Table 2. Rate Constants and Equilibrium Constants for Reaction (10) in CDCh 
T (K) k1 (s·) k.1 (s· ) In 2/(k1 + k .1) Keq 
283 (1.61 ± 0.04) x 10-6 (2.61 ± 0.06) x 10·7 4.31 days 6.14 ± 0.04 
298 (1.18 ± 0.01) x 10-5 (2.50 ± 0.01) x 10"6 13 .5 h 4.74 ± 0.01 
313 (7.95 ± 0.3) x 10-<> (2.11 ± 0.1) x 10-<> 2.4 h 3.76 ± 0.05 
328 3.01±0.02 
Activation parameters, Afl*, L\S*, L\G;! 29s, and Ea, for both the forward and reverse 
directions of reaction (10) are listed in Table 3. 
Table 3. Activation Parameters for Reaction (10) 
Mr' (forward) = 92.6 ± 1 .9 kJ/mol 
L\S;! (forward) = -28.2 ± 6.2 Jmor1K"1 
L\G*29g (forward) = 101.0 ± 2.6 kJ/mol 
Ea (forward) = 95.3 ± 1.8 kJ/mol 
L\W (reverse) = 104.5 ± 1.8 kJ/mol 
L\S;! (reverse)= -1 .0 ± 6 Jmor1K·1 
L\G"29s (reverse) = 104.8 ± 2.5 kJ/mol 
Ea (reverse) = 107. 0 ± 1. 6 kJ/mol 
It was shown that at 328 K, reaction (10) is 4 orders of magnitude faster than 
isomerization in reaction (9). Subsequently, from the quantitative kinetic and 
thermodynamic results it was concluded that the reaction proceeds essentially by an 
associative mechanism involving a quasi-seven-coordinate activated complex, perhaps 
stabilized by an interaction between the short phosphine arm and the equatorial carbonyl 
groups of tungsten. (Scheme 1) 
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Scheme 1 
The weakening of the existing W-P bond and the formation of the new W-P bond 
are accompanied by the onset of an interaction between the equatorial carbonyl groups 
and the dangling CH2PPh2 group. The large decrease in entropy for the forward activation 
step is consistent with an interaction involving all three associated arms in the transition 
state. When the reverse reaction takes place, as the new W-P bond forms, the weak 
dangling phosphine-carbonyl interaction diminishes in strength, as does the existing W-P 
bond. The combination of two interactions decreasing while a third is increasing leads to 
opposing entropy changes which nearly nullify each other. The interaction between the 
short arm and the equatorial carbonyl groups may help to stabilize the product isomer, 
and help account for the large decrease in entropy of the isomerization, as well as the 
9 
long-range phosphorus-carbon spin-spin coupling. It is believed that the acceleration of 
reaction (10) occurs because the interaction of the dangling phosphine arm with a 
carbonyl ligand in the transition state leads to a weakening of the metal-phosphrus bond, 
allowing the other dangling phosphine arm to displace the coordinated phosphine. The 
isomerization in reaction (9), however, lacking an accelerating arm, proceeds at a slower 
pace, as expected. 
These results are intriguing because the phosphorus ligands of reactions (9) and 
(10) are electronically and sterically similar, and the exchanging phosphorus groups in 
both reactions are separated by two methylene units. It is apparent, therefore, that the 
factors that influence the rate of phosphine exchange are rather subtle. 
This work is a continuous study of phosphine exchange in dangling phosphine 
complexes. The following phosphines and their respective tungsten carbonyl complexes 
are the targets of this research: (1) (Ph2P)CH[P(p-tol)2]CH2PPh2, (2) (Ph2P)2C=CH(PPh2), 
(3) (p-tol)2PCH2P(p-tol)2 and ( o-tol)2PCH2P( o-tol)2 , ( 4) Ph2PCH2P(p-tol)2. 
(1) (Ph2P)CHP[(p-tol)2]CH2PPh2 
From phosphorus-31 NMR spectra of (OC)s W[ r/-PPh2CH2CH(PPh2)2] collected 
at intervals over an extended period it is clear that the nonequivalent A and B groups are 
exchanging. 
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a b 
(oc)swyPPh2 
PPh2 
b 
b a 
(OC)sWPPh2 PPh2 Ph2P~ 
b (10) 
These spectra do not, however, give us any information about exchange between 
the chemically equivalent B groups and at this point it is not known to what extent this 
exchange is contributing to the overall isomerization rates. There is no evidence of 
coalescence of signals up to temperatures at which chelation becomes the dominant 
reaction. Therefore, to determine whether exchange is occurring between B groups, it is 
necessary to functionalize one B site, such that nonequivalence is introduced. Previous 
work with Ph2PCH2CH2P(p-tol)2 complexes shows that chemical shift differences 
between the diphenylphosphino and ditolylphosphino groups are sufficiently large to 
allow isomerization to be monitored.28 It is proposed, therefore, to create nonequivalency 
in the tppe -- PPh2CH2CH(PPh2)2 -- complexes by replacing the phenyl groups of one 
phosphorus with p-tolyl groups. 
Coordination of (Ph2P)CHP[(p-tol)2]CH2PPh2 to W(CO)s would give a complex 
that should allow measurement of exchange between the phosphorus atoms separated by 
a one-carbon bridge as well as between the phosphorus atoms that are separated by a two-
carbon bridge. (Scheme 2) 
11 
\ I 
Scheme 2 
There are several possible approaches to preparing Ph2PCH[P(p-tol)2]CH~Ph2 
and its complex (OC)sW[11 1-PPh2CH2CH(PPh2)P(p-tol)2]. The reactions involved in each 
approach are listed below. 
Approach 1: 
The key to this approach is to prepare Ph~(Cl)C=CH2 and replace Cl with -P(p-
tol)2 via a nucleophilic substitution reaction. 
LiPPh2 + excess CCh=CH2---+ Ph2P(Cl)C=CH2 + LiCl (11) 
Ph2P(Cl)C=CH2 + LiP(p-tol)2---+ Ph2P[(p-tol)2P]C=CH2 + LiCl (12) 
Addition of PPh2H across the double bond of the chlorinated vinylidene 
phosphine should produce (Ph2P)CH[(p-toh)]CH2PPh2, a ligand with three nonequivalent 
phosphorus atoms. Alternatively, Li[PPh2W(CO)s] could be added across the double 
bond. 
(13) 
12 
Ph2P[(p-tol)2P]C=CH2 + (OC)sWPPh2Li 
---+ (OC)sW{r/-PPh2CH2[CHP(p-tol)2]PPh2} (14) 
Below are approaches for preparing Ph2P(PPh2)CHCH2PPh2 (tppe). Since there is 
little electronic or steric difference between the diphenylphosphino and ditolylphosphino 
groups, the approaches used for preparing tppe should also be useful for preparing 
Ph2PCH[P(p-tol)2]CH2PPh2. 
Approach 2: 
One approach of preparing (PPh2)2CHCH2PPh2 (tppe) is a free radical method. 
Meek et al.20·29 found that the direct addition of a phosphorous-hydrogen bond across the 
carbon-carbon double bonds of vinylphosphines is very productive when a free-radical 
catalyst is used. The free radical-catalyzed addition has the advantage of not requiring a 
solvent and can be carried out at modest temperatures. Therefore, it should be possible to 
prepare tppe from Ph2PCH=CHPPh2 and PPh2H in a similar way. 
AIBN, t:,. 
( AIBN = 2,2' -azobisisobutyronitrile) (15) 
Approach 3: 
One widely used method for the synthesis of unsymmetrical diphosphine ligands 
was developed in 1967: 30'31 
(16) 
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By a variation ofthis method, King et al synthesized many novel polytertiary 
phosphine ligands by the addition of P-H bonds across the C=C double bonds of 
vinylphosphines or the C=C triple bonds of ethynylphosphines in the presence of a base 
catalyst such as phenyl lithium or potassium tert-butoxide.18·32•33 
Based on these facts, a series of nucleophilic addition reactions can be carried out 
with different nucleophilic agents attacking the C=C double bond in Ph2PCH=CHPPh2. 
For example, PPh2CH=CHPPh2 (vpp) can be made from ClCH=::CHCl, 
ClCH=CHCl + 2LiPPh2 ~ PPh2CH=CHPPh2 + 2 LiCl (18) 
and the product should react with PPh2H. 
Other possible reactions are as follows: 
PPh2CH=CHPPh2 + PPh2H (PPh2)2CHCH2PPh2 
THF.KOBu1 
PPh2CH=CHPPh2 + LiPPh2 
THF,60°C 
(PPh2)2CHCH2PPh2 
NH4Cl,H20 
Substitution of Li(p-tol)2 for LiPPh2 should give the target compound. 
Approach 4: 
(19) 
(20) 
The tungsten complex of PPh2CH=CHPPh2 might be more reactive than the 
ligand by itself because coordination should facilitate nucleophilic attack on the C=C 
double bond in PPh2CH=CHPPh2. Further reaction with LiPPh2 or LiP(p-tol)2 could lead 
directly to the tungsten complexes of interest. 
(21) 
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Approach 5: 
It is reported that a phosphorus ligand with a C=C double bond, e.g. , 
(PPh2)2C=CH2 (vdpp), when complexed to a polarizing metal such as Pt(II) or Pd(IV), is 
highly activated towards vinyl addition. 52·55·56 It is also suggested that vdpp, when 
chelated to a single metal with a 4-membered ring, is more likely to undergo vinyl 
addition than in larger rings or in open-chain structures because the strain in the 4-
membered chelate ring will be relieved somewhat as the central carbon goes from sp2 to 
sp3 hybridization on vinyl addition. A PtCb protecting group could be employed in the 
preparation of isomers (OC)s W[ r/-PPh2CH2CH(PPh2)2] and (OC)5W[171-
PPh2CH(PPh2)CH2PPh2 ) to prevent the chelation of tppe. 27 
(Ph2P)iC=CH2 + Cl2Pt(NCCH3)i 
(OC)5WPPh2H + Cl2Pt(PPh2)iC=CH2 
Cl2Pt(PPh2hC=CH2 + 2 CH3CN (23) 
----,-Cl2Pt(PPh2)2CHCH2PPh2W(CO)s 
(24) 
(25) 
This method could be also used to prepare (PPh2)2CHCH2PPh2 or P(p-
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:is-Ph2PCH=CHPPhi + Cl2Pd(NCPhn ------ Cl2PtPPt1iHC=CHPPhi + 2 PhCN (26) 
LiPPt°li + Cl2Pd(PPi2hC=CH2 Cl2Pd[n2-PPh2CH2CH(PPi2h1 (27) 
~12Pd[n2-PPh2CH2CH(PPhi)21 + 4 KCN 
(PPh2hCHCH2PPh2 
TI. (Ph2P)2C=CH(PPh2) 
The ligand, (Ph2P)2C=CH(PPh2), has three non-equivalent phosphorus atoms. 
(28) 
This offers the possibility that the complex (OC)s W(Ph2P)2C=CH(PPh2) could undergo 
phosphorus exchange such that both the exchange of the short arms and exchange of the 
long arms could be monitored. 
It is possible to obtain (Ph2P)2C=CH(PPh2) by adding PPh2H to 
diphenylphosphinoacetylene: 
(29) 
Once this synthetic method is comfirmed, it should also be possible to prepare 
(Ph2P)(p-tol)zPC=CHPPh2 by adding P(p-tol)2H to diphenylphosphinoacetylene. The 
ligand (Ph2P)(p-to1)2PC=CHPPh2 could then possibly be hydrogenated to produce 
(Ph2P)CH[(p-tol)2]CH2PPh2, which is of much interest as stated above. 
ID. (p-tol)zPCH2P(p-tol)i and (o-tol)iPCH2P(o-tol)i 
There is believed to be a special coupling interaction between the dppm 
(PPh2CH2PPh2) ligand and the cis-carbonyl groups in (OC)sW(1;i1-dppm). Evidence of 
this special interaction is demonstrated by the presence of four signals for the cis-CO 
groups in the 13C spectrum. Normally in (R3P)M(CO)s complexes, a doublet signal, due 
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to the coupling of the four equivalent CO groups with the coordinated phosphorus atoms 
two bonds away, is observed. Two different interactions have been proposed to account 
for the 4Jpc coupling. The dppm ligand is rotating through a non-bonded association so 
that the coupling of the uncoordinated phosphorus of the ligand to each of the four cis 
carbonyls of (OC)sW(1/-dppm) is observable or the dppm ligand is stationary in a 
position between two carbonyl groups and causes two of the cis carbonyls to be 
chemically non-equivalent to the other two cis carbonyls. The rotating phosphine model 
assumes a non-bonded association or a weak bounding interaction between the 
uncoordinated phosphorus of the dppm ligand and the cis CO groups. This interaction 
could be due to the close proximity of these groups to the dangling phosphine in 
(OC)s W( 171-dppm). The presence of the four-bond carbon-phosphorus coupling has been 
confinned by selectively decoupling the two phosphorus nuclei and the stationary model 
has been rejected28. 
For the rotating ligand type of interaction, a doublet of doublets is expected in the 
13C spectrum due to splitting of the carbonyl groups by both phosphorus atoms. Although 
four-bond spin-spin coupling is generally too weak to be observed, it is believed to be 
enhanced in (OC)sW(1/-dppm) by a "through space" interaction between the dppm 
ligand and the cis CO groups, which is possible due to their close proximity. 
The compound (OC)sW[1,1-P(tol)2CH2P(tol)2] is of interest because NMR studies 
of this complex would complement the investigation of the coupling in (OC)5W[171-
PPh2CH2PPh2]. NMR investigations of this complex could also provide information that 
would be useful in the analysis of the exchange interaction between (OC)sW[r/-
PPh2CH2P(tol)2] and (OC)s W[ 771-P(tol)2CH2P(tol)2]. 
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It is expected that the ligand (tol)2PCH2P(tol)2 can be prepared by the reaction of 
lithium di-tolylphosphine with dichloromethane: 
THF (30) 
Once the ligand is prepared, it can be coordinated to a pentacarbonyltungsten to 
form the complex (OC)5 W( r/-P(tol)2CH2PPh2]. 
IV. Ph2PCH2P(p-tol)i 
The rate of exchange of phosphorus groups in dangling phosphine complexes 
should be very sensitive to the length of the chain separating the phospho~s groups if the 
transition state shown in Scheme 1 is valid. Polyphosphines with no "short arms" 
(phosphine groups separated from each other by two carbon atoms) would not effectively 
interact with cis carbonyl groups. In addition to a short arm, the model also requires a 
second arm to displace the coordinated phosphine. The complex L W(C0)5 with L = 
Ph2PCH2P(tol)2 is to be prepared to test these ideas and to determine the effects of 
dangling arm lengths on the rates of isomerization. The model predicts that phosphine 
exchange in the Ph2PCH2P(tol)2 will proceed slowly even though a short arm is present 
because a second dangling arm is not present to displace the coordinated phosphine. 
The ligand Ph2PCH2P(tol)2 may be prepared from the reaction ofLiP(tolh and 
ClCH2PPh2. Then the complex (OC)5W(771-PPh2CH2P(tol)2] and its linkage isomer 
(OC)s W[ 771-P(tol)2CH2PPh2] can be synthesized by the substitution of aniline in 
(OC)5W(NH2Ph) by (p-tol)2PCH2PPh2. Although a mixture of the two linkage isomers is 
expected, it will not affect the proposed kinetic and thermodynamic studies on 
isomerization unless the ratio of isomers corresponds to the equilibrium ratio: 
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(C0)5W[n 1-P(tolhCH2PPh2] 
(31) 
Previous methods for obtaining kinetic and thermodynamic data should be 
applicable. The ratio of the two isomers at different times can be measured by 31P{1H} 
N11R spectral integration. The equilibrium ratio can also be determined experimentally if 
the isomerization time is not too long or too short. Based on these data, k1 and k1 can be 
obtained at different temperatures. From these, the half-life to equilibrium (t112) , 
activation energy (Ea), enthalpy of activation (.Mf), entropy of activation (ilS*), and free 
energy of activation (ilG*), for both the forward and backward isomerizations can be 
calculated. The values for the change of enthalpy (ilH), the change of entropy (ilS), and 
the change of free energy (ilG), for the isomerization at different temperatures can also 
be calculated. From the kinetic and thermodynamic studies, the previously proposed 
mechanism can be further investigated. 
The purposes of this work can be divided into four parts: 
(1) Preparation of PPh2CHP(p-tol)2CH2PPh2 and its pentacarbonyl derivatives so that 
phosphorous exchange rates can be studied. 
(2) Synthesis of (Ph2P)2C=CHPPh2 as a precursor of PPh2CHP(p-tol)2CH2PPh2 and 
its pentacarbonyl derivatives. 
(3) Synthesis of (OC)s W[ r/-P(p-tol)2CH2P(p-tol)2] and (OC)s W( r/-P( o-tol)2CH2P( o-
tol)2] and determination of 4Jpc. 
(4) Kinetic study ofisomerization of (OC)sW[771-PPh2CH2P(p-tol)2] and (OC)sW[771-
P(p-to1)2CH2PPh2] . 
19 
Experimental 
A. General Considerations 
Air sensitive reactions were carried out under a dry nitrogen atmosphere. 
Tetrahydrofuran (THF) was dried by distillation from sodium and benzophenone 
immediately before use. All other solvents were of reagent grade and used without further 
purification. Metal hexacarbonyls, phosphines and other chemicals .were obtained from 
various commercial suppliers and were used without further purification. The butyl 
lithium was standardized with diphenylacetic acid.34 
Phosphorus-31 { 1H} NMR spectra (referenced to 85% phosphoric acid) and 
13C{ 1H} NMR spectra (referenced to TMS) were obtained on a General Electric QE-300 
NMR spectrometer. Chloroform-cl was used as the solvent for all NMR spectra. 
Solution FT-IR spectra were obtained on a Nicolet 20-DBX spectrometer with 
dichloromethane as the solvent. 
Elemental analyses were performed by the Microanalytical Laboratory, 
University of Illinois at Urbana. 
All melting points were taken with an Arthur H. Thomas Unimelt apparatus and 
are reported without correction. 
B. Equilibrium and Kinetic Studies 
An NMR tube containing 30 mg of a mixture of the isomers (OC)sW[ 171-
PPh2CH2P(p-tol)2] and (OC)5W[1/-P(p-tol)2CH2PPh2] dissolved in 0.5 mL of CDCh was 
sealed under nitrogen and placed in a 55 °c constant temperature bath. 31P {1H}NMR 
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spectra of the isomers were taken periodically until a constant ratio of isomers was 
obtained. A delay time of 19 sec was used to insure sufficient relaxation and to allow 
meaningful integration to be obtained. The relative concentrations of the isomers in the 
sealed tubes were determined by integrating the signals from the phosphorus atoms in the 
isomers four times each. Integration were performed with a data processing program 
(NUTS) designed for IBM-compatible personal computers. 
C. Synthesis 
1. Preparation of P(p-tol)J. 
A solution of p-bromotoluene (100 mL, 0.812 mol) in Et20 (200 mL) was added to 
another mixture of freshly-cut Mg turnings (19.4 g, 0.812 mol) and Et20 (300 mL) in a 1-L 3-
necked round bottom flask and was allowed to stir for 3 hours. A granule of iodine was added at 
the beginning to initiate the reaction. An ice-water bath was used to control the exothermic 
reaction at such a rate that gentle reflux was maintained. A solution of PCb (24.0 mL, 0.271 mol) 
in Et20 (200 mL) was added dropwise to the resulting Grignard reagent over a period of 3.5 
hours. After protonation with a highly concentrated NH4C1 aqueous solution, the organic layer 
was separated, dried (anhydrous MgS04), and filtered . The solvent was removed under vacuum. 
Methanol (20 mL) was added to give 50.4 g of yellow crystals. The crude product was 
recrystallized from CH2Ch/MeOH to give 46.5 g (yield: 56.4 %) of a white-yellow crystalline 
solid (m.p.: 146-148 °c). 31P {1H}NMR: 8 -7.5 ppm35•36(Fig.l). 1HNMR: 8 2.4 ppm(s), 5 7.2 -7.5 
ppm(m) (Fig.2). 
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2. Preparation of (p-tol)zPH. 
Finely cut lithium ( 1.12 g, 0 .161 mol) was added to a rapidly stirred solution of 
P(p-tol)3 (0.245 g, 0.0805 mol) in 200 mL of dried THF under N1. The solution became 
deep dark red within a few minutes. After being stirred for 24 hours at ambient 
temperature, the solution was cooled to 0 °c with an ice-water bath and then hydrolyzed 
with 15 mL of highly concentrated aqueous NH4Cl that had been purged with N2 for 15 
min. The dark color of the solution changed to colorless. Distillation of the resulting 
solution under low pressure gave 8.57 g of a colorless liquid: b:p. -110°C (0.1 mm Hg). 
31P{1H}NlV1R: 8p -42.0 ppm (Fig. 3)37•38. 
3. Attempted Preparation of Ph2P(Cl)C=CH2 
A mixture of PPh2H (7.10 mL, 0.0406 mol) and BuLi (25.4mLof1.6 Min 
hexane, 0. 0406 mol) was stirred in dry THF ( 100 mL) for 5 hours at room temperature. 
The resulting dark-red solution was added dropwise to another solution of CH2=CCh 
(33.1 mL, 0.0406 mol) and dry THF (200 mL) over a period of3 hours. Dilute HCI (2 M, 
35.0 mL) was added to generate two layers. The organic layer was separated, dried 
(anhydrous MgS04), and filtered. Solvent was removed under vacuum to give an oily 
residue. The 31P {1H} NMR spectrum (Fig.4) showed signals at 8 6.03 ppm, 8 14.6 ppm, 8 
22.9 ppm and 8 -19.9 ppm. The signal at 8 6.03 ppm was tentatively assigned to the 
product. In addition, a doublet at 8 -3 . 60 ppm and a triplet at 8 -19. 3 ppm wer e assigned 
to tppe. The products that resulted when the reaction was carried out in refluxing toluene 
were not separated (Fig. 5). Attempts at purification by recrystallization or distillation 
were unsuccessful. 
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4. Preparation of trans- and cis-Ph2PCH=CHPPh2. 
Diphenylphosphine (34.5 mL, 0.198 mol) and BuLi (124 mL, 0.198 mol) were 
transferred via syringe into a 500 mL 3-necked round bottom flask containing 100 mL of 
dry THF. The resulting dark-red solution was added dropwise to a solution of cis-
ClCH=CHCl (10.0 g, 0.0990 mol) in 50 mL ofTHF. The dark brown solution was 
allowed to stir for 6 hours followed by the addition of a 50 mL of a saturated aqueous 
solution ofNH4Cl. The dark color of the solution disappeared and two layers developed. 
The organic layer was separated and solvent was removed und~r vacuum. Ethanol ( 100 
mL) was added to this residue and the mixture was placed in the freezer overnight. A 
light yellow solid was obtained by filtration and then recrystallized with CH2Clz/CH30H 
to give 29.6 g of cis-Ph2PCH=CHPPh2 (yield: 75.4 % ). m.p.: 122-124 °c. 31P{1H} 
N.MR: 8 -22.6 ppm39 (Fig.6). 
The compound trans-Ph2PCH=CHPPh2 was prepared from trans-CICH=CHCl by 
an analogous method to give a 32.5% yield of product. m.p.: 125-126 °c. 31P{1H} 
NMR: 8 -7.1 ppm39 (Fig.7). 
5. Preparation of (OC)sWNH2Ph 
A solution ofW(C0)6 (10.0 g, 28.4 mmol), PhNH2 (10.1 mL, 107 rnmol), and 
300 mL ofTHF was irradiated with UV light for 6 hours. Solvent was removed from the 
yellow clear solution under vacuum to give a yellowish residue to which was added 100 
mL of distilled water. Slow addition of dilute HCl caused the precipitation of a 
yellow/green solid and the solution separated into two distinct layers. The bottom layer 
was filtered to give a yellow/green solid, which was then sublimed under vacuum at 40 
23 
0c for 24 hours to remove any unreacted W(C0)6, affording 9.67 g ( 81.6% yield) of 
product. IR[v(C=O) (cm-1)]: 1932, 207540. 
6. Preparation of (OC)sWPPh2H. 
To a solution of2.00 g (4.80 mmol) of (OC)5WNH2Ph in 50 mL of toluene was 
added 0 .893 mL (4.80 mmol) of PPh2H. The solution was of an orange color after being 
stirred for 24 hours at room temperature. The solvent was removed under vacuum. 
Recrystallization was carried out with CH2Cb/CH30H to give 1.71 g of yellow-sheeted 
crystals (yield: 70.1% ). M.p.: 80-82 °C; IR [v(C=O) (cm-1)]: 1941 (vs), ~074 (m); 
31P{1H} NMR: 8 -13 .6 ppm, 1 Jw.p = 228 .8 Hz 40·8(Fig.8) . 
7. Preparation of (OC)sW[1J1-(cis-PPh2CH=CHPPh2)]. 
A mixture of cis-PPhzPCH=CHPPh2 (4.79 g, 0.0121 mol) and (OC)5WNH2Ph 
(4.60 g, 0 .0110 mol) was dissolved in 100 mL of CH2Ch and allowed to stir for 24 hours. 
The solvent was removed under vacuum, methanol (20 mL) was added and the solution 
was filtered to collect 6.50 g (yield: 82.0%) of a light yellow solid. m.p.: 132-133 °c; 
IR[v(C=O) (cm-1)): 2071, 1981 , 1940 (Fig.9); 31P{1H} NMR: Op -28.4 ppm, Owp = 5.30 
ppm, 1Jw.p = 238.1 Hz, 3Jp.p = 37.4 Hz41 (Fig.10). 
8. Attempted preparation of (Ph2P)iCHCH2PPh2 (tppe) by free radical reaction. 
A mixture of trans-PPh2CH=CHPPh2 (2.00 g, 5.05 mmol), HPPh2 (0. 880 mL, 
5.05 mmol), and AIBN (0.20 g), was heated to 75 °c and stirred for 17 hours under N2. 
The solution solidified after being cooled down to room temperature. The soUd was 
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crystallized from CH30H/CH2Ch (3: 1) to give 1. 46 g of white solid that was shown by 
31 P{1H} NMR to consist of starting material (Fig. 11). 
9. Attempted preparation of (Ph2P)2CHCH2PPh2 (tppe) by nucleophilic addition 
reactions of PPh2CH=CHPPh2. 
(a) with PPh2H. 
A mixture of trans-Ph2PCH=CHPPh2 (1.00 g, 2.52 mmol) and KOBut (0.20 mL 
of 1.0 M) were dissolved in 50 mL ofTHF. The phosphine PPh2H (0.440 mL, 2.52 
mmol) was then added to the solution via syringe. The solution was allowed to stir for 1.5 
hours, was refluxed for another 1 . 5 hours, then was cooled to room temperature. The 
color of the solution changed from orange to yellow. The solvent was removed under 
vacuum. After adding 15 mL of Et OH into the flask, a white solid formed. 
Recrystallization with CH2Cb/CH30H (1 :2) gave 0.29 g of white solid that was shown by 
31P{ 1H} NMR to consist of starting material (Fig. 12). 
(b) with LiPPhz. 
The procedure was the same as above, except that 1. 50 g (3 . 79 mmol) of trans-
PPh2CH=CHPPh2, 2.65 mL (3 .79 mmol) ofBuLi and 0.66 ml (3 .79 mmol) ofPh2PH 
were used. Recrystallization with CH2Ch/CH30H gave 0.810 g of a white solid, again 
identified as starting material by 31P{1H} NMR (Fig.13). 
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10. Attempted preparation of (OC)sW[771-PPh2CH2CH(PPh2)PPh2]. 
A dark red solution ofLiPPh2 was made as usual from PPh2H ( 1.15 mL, 6.62 
mmol) and BuLi (4.14mLof1.6 M). To the solution of(OC)5W[771-cis-
PPh2CH=CHPPh2](4.77 g, 6.62 mmol) in 50 mL ofTHF was added the LiPPh2 solution. 
The mixture was allowed to stir for 14 hours, followed by the hydrolysis with aqueous 
NRiCl. The organic layer was separated and the solvent was removed under vacuum. 
Methanol (20 mL) was added for crystallization allowing for the collection of 3. 3 3 g of a 
white solid. The solid was identified as starting material by 31P {'1 H} NMR spectroscopy 
(Fig. 14). 
The same reaction was carried out at refluxing temperature (80 °c) for 4 hours to 
give a 41 . 0% yield of a white solid identified as ( OC)4 W[ 772 -PPh2CH2CH2PPh2] . m. p.: 
181-184 °c. IR[v(C=O) (cm-1)]: 2018, 1918, 1901, 1879 (Fig.15). 31P{1H} NMR: Op= 
41.2ppm, 1Jw.p = 230.8Hz11 (Fig.16). 
11. Preparation of Ph2PCH=C(PPh2)2. 
To a solution of Ph2PC=CPPh2 (1.50 g, 3.80 mmol) in 25.0 mL of toluene was 
added 0.700 mL (3.80 mmol) ofPPh2H and 0.400 mL ofKOBu1 (1 Min hexane). The 
solution was of a light yellow color after being stirred for 48 hours at a temperature of 
70-75 °c. The solvent was removed under vacuum after the solution was cooled to room 
temperature. Crystallization was carried out with 5.00 mL of acetone to give 1 .55 g of 
white crystals (yield: 70.1%). m.p.: 145 °c. 1H NMR: 5 7.21 ppm (m), 5 2.35 ppm (s). 
The signal for the CH proton was not identified (Fig. 17). 31 P { 1 H} NMR: 8 -26. 6 ppm 
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(dd, 3Jpp 147 Hz, 3Jpp = 10.2 Hz), 6 -6.30 ppm (d, 3Jpp = 147 Hz), 6 -0.25 ppm (d, 3Jpp = 
10.2 Hz)42 (Figs.18-21). 
12. Preparation of (OC)sW[1,1-PPh2CH=C(PPh2)2]. 
A mixture of (Ph2P)2C=CH(PPh2) (0.500 g, 0.861 mmol) and W(CO)sNH2Ph 
(0.380 g, 0.861 mmol) was stirred in 25.0 mL of CH2Cb for 48 hours. The solvent was 
removed under vacuum. The yellow residue was recrystallized from CH2Ch/CH30H, and 
0.280 g of gray-colored crystals were obtained (Yield: 35.9 %). IR [v(C=O) (cm-1)]: 1938 
(vs), 2070 (m) (Fig.22). 31P{1H} NMR: o 2.84 ppm (dd, 3Jpp = 8.00 Hz, 3Jpp = 54.6 Hz), o 
l.25ppm (d, 3Jpp = 8.00 Hz), o -13 .8ppm (d, 3Jpp = 54.6 Hz) (Figs.23-25). 
13. Preparation of ChPd[712-Ph2PCH=CHPPh2]. 
A mixture of ChPd(NCCH3) (1.94 g, 5.05 mmol) and cis-PPh2CH=CHPPh2 (2 .00 
g, 5.05 mmol), dissolved in 50 mL CH2Ch, was stirred at room temperature for 24 hours. 
The cream-colored solution was placed in a freezer for 0.5 hour and then filtered. A white 
powder (2.50 g, 86.2% yield) was collected. The solid was insoluble in most of the 
common solvents, and a 31P {1H} NMR spectrum was not obtainable52. 
14. Attempted preparation of ChPd[712-Ph2PCH2CH(PPh2)z]. 
ChPd[7{- PPh2CH=CHPPh2] (1.00 g, 1.74 mmol) and 100 mL ofTHF were 
placed in a 500 mL 3-necked flask and stirred at room temperature for 0.5 hour. A 
solution ofLiPPh2 in THF was prepared from PPh2H (0.303 mL, 1. 74 mmol) and BuLi 
(1 .09 mL, 1. 74 mmol), and was added to the flask dropwise under refluxing temperature 
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(85 °C). The mixture was stirred at reflux for 6 hours and then cooled to room 
temperature. A saturated ~Cl aqueous solution was added to the mixture and stirred 
for 0.5 hour. The organic layer was separated and dried under vacuum. The resulting 
crude product was recrystallized from CH2Ch/CH30H to give a yellowish solid (1.10 g). 
The product was shown to be impure by 31P{1H} NMR: 8 22.5 ppm, 8 24.5 ppm, 8 34.3 
ppm, 8 47.2 ppm, 8 50.0 ppm, 8 62.7 ppm (Fig. 26). 
15. Preparation of CH2[P(p-tol)z]i (dtpm). 
To a mixture of P(p-tol)3 (1 0.0 g, 32.8 mrnol) in anhydrous THF (1.00 mL) was 
added lithium metal strips (0.456 g, 65.7 mrnol) . The solution turned deep red within 5 
minutes. After being stirred at room temperature for 18 h, a solution of (CH3)3CCl (3 .57 
mL, 32.8 mmol) in 5.00 mL ofTHF was added dropwise to remove the 4-
methylphenyllithium. Dichloromethane (1.05 rnL, 16.4 mmol) in 10.0 rnL ofTHF was 
then added. The solution was stirred for 10 h. After workup and recystallization from 
CH2Ch/EtOH, white crystals were obtained. (3 .12 g, 43.2% yield) . 1H NMR: 8 7.1-7.3 
ppm (m); 2.3 ppm (s), 2.7 ppm (m) (Fig.27). In addition, signals [8 1.3 ppm (t); 8 3.7 
ppm (q)] for ethanol were assigned. 31P {1H} NMR: 8 -24.1 ppm (Fig.28). 
16. Preparation of (OC)sW[1,1-P(p-tol)2CB2P(p-tol)2]. 
To a 50 mL round-bottom flask was added CH2[P(p-tol)2h (0.500 g, 1.14 mmol), 
(OC)5WNH2Ph (0.470 g, 1.14 mmol), and CH2Ch (25.0 rnL). The reaction mixture was 
stirred at room temperature for 24 hours. The solvent was removed under vacuum. 
Recrystallization from CH2Ch/CH30H gave 0.510 g of white crystals (yield%: 58.8). 
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31P{1H} NMR: 8 8.1 ppm (d, 2Jpp=101 .5 Hz, Jw_p=243 .6 Hz; 8 -25 .7 ppm(d, 2Jpp=101.5 
Hz) (Fig.29) . IR [v(C=O) (cm-1)]: 2069, 2016, 1978, 1935 (Fig.30). Anal. Calcd. for 
(OC)5W[171-P(p-tol)CH2P(p-tol)2]: C, 53.42%; H, 3.95%;P, 8.10%. Found: C, 53.19%; 
H, 3.80%; P, 7.65%. 
17. Preparation of P( o-tol)iCH2P( o-tol)i. 
To a solution of P(o-tol)3 (2.5 g, 8.2 mmol) in anhydrous THF (25 rnL) was added 
lithium metal strips (0.114 g, 16.4 mmol) . After being stirred at room temperature for 
10 h, a solution of (CH3)3CCI (0.89 ml, 8.2 mmol) in 2 rnL ofTHF was added, followed 
by the addition of CH2Ch (0.26 ml, 4.1 mmol). The reaction mixture was stirred at room 
temperature for another 10 h. After workup and recrystallization from CH2Ch/CH30H, 
white crystals were obtained (0.5 g, 27.7% yield). 1H NMR: & 7.0-7.4 ppm (m); 2 .3 ppm 
(s), 2.6 ppm (m) (Fig. 31). 31P{1H} NMR: & -43.6 ppm (Fig. 32). 
18. Preparation of (OC)4W[1l-P(o-tol)iCH2P(o-tol)2]. 
To a 50 mL round-bottom flask was added CH2[P(o-tol)2h (0.470 g, 1.07 mmol), and 
(OC)5WNH2Ph (0.450 g, 1.07 mmol), and 25.0 rnL of CH2Ch. The reaction mixture was 
stirred at room temperature for 24 hours. The solvent was removed under vacuum. 
Recrystallization with CH2Ch/CH30H gave 0.37 g of white crystals (45.4% yield) . 
31P {1H} NMR: & -21.0 ppm , Jw.p= l97.2 Hz. The signal at 8 -43.4 ppm was assigned to 
the starting material (o-tol)2PCH2P(o-tol)2 (Fig. 33). IR [v(C=O) (cm-1)]: 2069, 1978, 
1933 (Fig. 34). 
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Results and Discussion 
A. Attempted preparation of Ph6PCHP(p-tolh_CH6PPh6 and its derivatives 
Approach 1: 
The key point of this approach is to prepare Ph2P(Cl)C=CH2, then introduce an 
nonequivalent substituent group -P(tol)2 on the disubstituted carbon via nucleophilic 
substitution reactions. A summary of the proposed reactions is shown below. 
(1) PCh + 3 (p-tol)MgBr -7 P(p-tol)3 + 3 MgBrCl 
(2) (p-tol)3P +Li -7 LiP(p-tol)2 + Li(p-tol) 
(3) LiP(p-tol)2 + H20 -? (p-tol)2PH 
( 4) (p-tol)2PH + BuLi -7 LiP(p-tol)2 + BuH 
(5) Ph2PH + BuLi -7 LiPPh2 + BuH 
(6) LiPPh2 +excess ChC=CH2 -7 Ph2P(Cl)C=CH2 + LiCI 
(7) Ph2P(Cl)C=CH2 + LiP(p-tol)2 -7 Ph2P[(p-tol)2P]C=CH2 
(8) LiPPh2 + W(C0)6 -? (OC)sWPPh2Li 
(9) Ph2P[(p-tol)2P]C=CH2 + (OC)5WPPh2Li 
-7 (OC)sW { 1/-PPh2CH2[CHP(p-tol)2]PPh2} 
In this work, reactions (1),(2),(3),(5) and (6) have been carried out, but reaction 
(6) provided an unsatisfactory preparation of Ph2P(Cl)C=CH2 .. The reaction mixtures 
contained the desired product as well as some impurities that were difficult to remove. 
The desired product, Ph2P(Cl)C=CH2, was not obtained in pure form by either 
crystallization or distillation. The 31P {1H} NMR spectrum indicated that the oily product 
contained the desired compound Ph2P(Cl)C=CH2 (o 6.03 ppm), tentative assignment, the 
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oxide ofPPh2H, (C> 22.9 ppm), and some unkown impurities (C>=-14.6 ppm, 8 -19.9 
ppm). There was no evidence for the existence of the disubstituted product 
(Ph2P)2C=CH2 (C>=-3.10 ppm)27. However, characteristic signals for tppe were observed. 
Much work has been done on the preparation of (Ph2P)2C=CH2, but 
Ph2P(Cl)C=CH2 has never been previously synthesized. Reaction (6) was carried out with 
a 10-fold excess of ChC=CH2, but otherwise the same reaction conditions were used as 
for the preparation of (Ph2P)2C=CH2. The yield of Ph2P(Cl)C=CH2 was low because the 
substitution of -Cl with -PPh2 activates the remaining group, leading to unidentified side 
reactions. Removal of excess ChC=CH2 and the large amount of solvent c~mcentrated the 
unstable Ph2P(Cl)C=CH2 and further decreased yields. Recrystallization from 
CH2Ch/MeOH failed. Attempts to purify Ph2P(Cl)C=CH2 by distillation led to 
decomposition. 
Since PPh2H is available commercially and LiPPh2 is much easier and less 
expensive to prepare than LiP(p-tol)2, and also because there is not much electronic or 
steric difference between the diphenylphosphino and ditolylphosphino groups, we tested 
the feasibility of preparing Ph2PCH[P(p-tol)2] CH2PPh2 by first trying to prepare tppe by 
the approaches that follow: 
Approach 2: Preparation of cis- and trans- Ph2PCH=CHPPh2 (vpp) 
CICH=CHCl + 2LiPPh2 ~ Ph2PCH=CHPPh2 
The results of this work are in good agreement with those in the literature (Table 
4). 
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Table 4. Comparison of cis- and trans-Ph2PCH=CHPPh2 
yield m.p.(°C) ~llP{1H}NMR 
CIS 75.4% 123-124 (123-125)43 o = -22.6 ppm (-22.8 ppm )41 
trans 32.5% 124-126 (l 25- l 26)4J 8 = -7.39 ppm (-7.70 ppm )41 
The chemical shifts of the cis and trans isomers are quite different. This is not 
because of electronegativity differences as the two ligands should have identical group 
electronegativities. Due to their different configurations, the isomers have different n 
clouds that provide different shielding leading to different 31P chemical shifts of the 
unsaturated ligands. 
Meek, et al.20·29 found that the direct addition of a phosphorous-hydrogen bond 
across the carbon-carbon double bonds of vinylphosphines is very productive when a 
free-radical catalyst is used. The free-radical-catalyzed addition has the advantage of not 
requiring a solvent and can be carried out at modest temperature. The attempted 
preparation of (PPh2)2CHCH2PPh2 (tppe) from PPh2CH=CHPPh2 and PPh2H was done 
in a similar way. 
The trans-Ph2PCH=CHPPh2 was used as the reactant for the free radical addition. 
From the comparison of the melting points as well as NMR. spectra of the reactant and the 
resulting solid (Table 5), it is apparent that no reaction occurred. 
N.R. (10) 
AIBN, /1 
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Table 5. Comparison of data for trans-Ph2PCH=CHPPh2 
Before reaction After reaction 
m.p. (°C) 124-126 125-126 
j 1P{1H}NMR 8 = -7.39 ppm 8 = -7.66 ppm 
It was assumed that a reaction that fails for PPh2H would also fail for P(p-tol)2H. 
Approach 3: 
One widely used method to synthesize diphosphine ligands was developed in 
196730•31 and is illustrated by the preparation of PPh2CH2CH2PPh2 (dppe): 
Ph2PLi + Ph2PCH=CH2 -7 Ph2PCHLiCH2PPh2 
Ph2PCHLiCH2PPh2 + H20 -7 Ph2CH2CH2PPh2 + Li OH 
(11) 
(12) 
By the variation of this method, many novel polytertiary phosphine ligands were 
synthesized by the addition of a P-H bond across the C=C double bonds of 
vinylphosphines or the C=C triple bonds of ethynylphosphines in the presence of a base 
catalyst such as phenyl lithium or potassium tert-butoxide18• 32• 33. 
Based on these facts, a series of nucleophilic addition reactions were carried out 
with trans-Ph2PCH=CHPPh2 for the purpose of preparing tppe. The starting material, 
trans-PhzPCH=CHPPh2(vpp), was made from trans-ClCH=CHCl: 
trans-ClCH=CHCl + 2LiPPh2-+ trans-Ph2PCH=CHPPh2 (13) 
The nucleophilic additions were carried out under two different reaction conditions. 
Some data for the resulting solids are shown in Table 6. 
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Table 6. Results of the nucleophilic addition reactions of trans-Ph2PCH =CHPPh2. 
Reagent t(°C) time m.p.(°C) J1P {1H}NMR 
PPh2H, KOBu1 60 3 hr 123-124 6 = -7.08 ppm 
LiPPh2 60 7 hr 123-124 6 = -7.17 ppm 
The results showed that no reaction occurred. 
(a) N.R. (14) 
THF,KOBu1 
(b) trans-PPh2CH=CHPPh2 + LiPPh2 N.R. 
THF,60°C NI:LiCl,H20 
(15) 
Approach 4: 
To make the nucleophilic addition more likely to occur, the ligand, 
Ph2PCH=CHPPh2 (vpp), was coordinated with the metal atom first in order to make the 
C=C double bond more susceptible to the attack of the nucleophilic agent57 . 
Preparation of (OC)sW[ r/-cis-PPh2CH=CHPPh2] 
This reaction is straightforward and was carried out according to a literature 
method.44 
(OC)sW[771-cis- Ph2PCH=CHPP h2] (16) 
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The reactants were mixed in a 1.1: 1 ratio to minimize the formation of the 
dimetallic complex (OC)5 W[ cis-PPh2CH=CHPPh2]W(CO)s. The 31P { 1H} NMR spectra 
of the product showed no contamination with the dimetallic complex (Fig.10). 
Table 7. Comparison of experimental and literatural IR and 31P{'H} NMR spectra data 
of (OC)sW[771-cis-Ph2PCH=CHPPh2]. 
.HP f H} NMR Data 
IR (cm.1) Data Op (ppm) Owp (ppm) 1Jw.p(Hz) jJp.p(Hz) 
This work 2071, 1981, 1940 -28.4 5.30 238.1 37.4 
literature"" 2073, 1983, 1944 -28.6 4.90 238.3 37.2 
Compared with the 31P{ 1H}NMR spectra of the uncomplexed ligand, a large 
downfield chemical shift upon coordination is typical for phosphine complexes of 
tungsten. The IR spectra are characterized by the A1, A1, and E modes expected for the 
pseudo-C4v symmetry of (OC)s W[ r/-cis- Ph2PCH=CHPPh2] (Fig. 9). 
Reaction of (OC)sW[r,l-cis- Ph2PCH=CHPPh2] with LiPPh2 under different 
conditions. 
(a) At room temperature for 15 hr. 
The data (Table 8) collected before and after the reaction showed that no reaction 
occurred when it was carried out in THF and acidified with NH4 +. 
(OC)sW[r/-cis-PPh2CH=CHPPh2] + LiPPh2 N.R. (17) 
THF, r .t., 15hr NH/, H20 
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Table 8. Spectra data of (OC)s W[ 771-cis-PPh2CH=CHPPh2] before and after reaction 
with LiPPh2. 
m.p.(°C) IR (cm-1) bp (ppm) bwp (ppm) 1Jw_p(Hz) jJp_p (Hz) 
Before 132-133 2071, 1981, 1940 -28.4 5.30 238.1 37.4 
After 134-136 2073, 1983, 1944 -28.6 4.90 238.3 37.2 
(b) At refluxing temperature (80 °C) for 4 hr. 
The melting point and spectral data of the product were quite different from those 
of the reactant, which implies the occurrence of a reaction. It was suspected that chelation 
would occur at this temperature. Comparison with the data of (OC)4 W[ 772 -
PPh2CH2CH2PPh2] (Table 9) proved it to be the product. 
Table 9. IR and NMR data of (OC)4W(772-PPh2CH2CH2PPh2]. 
IR (cm"1) 
This work 2018, 1918, 1901, 1879 in CHCb 
2019, 1922, 1909, 1897 in cyclohexane 
Literature11 2016,1912,1901 ,1876 in CICH2CH2Cl 
(OC)5 W( r/-cis-PPh2CH=CHPPh2) + LiPPh2 
80°C. , 4hr NH/, H20 
31P(H}NMR 
8 = 41.2 ppm (1Jw_p=230.8 Hz) 
8 = 40.1 ppm (1Jw_p=23 l.O Hz) 
The mechanism for the formation of (OC)4 W[ if-PPh2CH2CH2PPh2] in reaction 
(18) has not been established. 
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All the work above shows that (OC)s W( 1,1-cis-PPh2CH=CHPPh2) is unreactive 
toward P-H addition. This could be attributed to electronic and steric effects, with the 
steric effect being dominant. The two diphenylphosphine groups render each carbon too 
sterically hindered to allow other agents to attack the double bonds. No examples of P-H 
addition to PPh2CH=CHPPh2 and its relatives have been reported in the literature. 
The vinyl addition with diphenylphosphine and bis( diphenylphosphino )acetylene 
was used to synthesize Ph2PCH=C(PPh2)2, a ligand with three non-equivalent phosphorus 
atom. 
(19) 
The 31 P { 1 H} N1\.1R spectra (Fig. 18-21) revealed a doublet of doublets and two 
doublets. 
H 
The large P-P coupling ( 3JP(a)P(c)= 147 Hz) was assigned to the phosphorus 
atoms trans to one another. The smaller coupling ( 3Jp(a)P(b) = 10 .2 Hz ) was assigned to 
the cis phosphorus atoms. The geminal coupling is assumed to be zero. 
The ligand was then coordinated to W(CO)s to give a dangling ligand complex. 
CH2Ch 
(OC)s W[ r/-PPh2CH=C(PPh2)2] (20) 
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The infrared spectrum (Fig. 22) clearly shows that the complex is an LW(CO)s 
type rather than a chelated complex, (L-L)W(C0)4 type. This means that only one of the 
three phosphorus groups is coordinated. Tungsten-phosphorus satellites are observed for 
only one phosphorus atom providing further confirmation. Three possibilities exist for the 
structure of this compound as W(CO)s can be coordinated to Pa, Pb, or Pc. The 3 1P{1H} 
NMR spectra (Fig. 23-25) show three signals, each of which is a doublet of doublet of 
doublets, also confirming the coordination of only one phosphorus atom. It can be 
expected that the largest coupling will be the trans P-P coupling. If W(CO)s were 
coordinated to Pb, we would not expect 3 J P(a)P(c) to differ significantly from the free 
ligand. But because it goes from 147 Hz to 54.8 Hz, it would appear that either Pa or Pc is 
coordinated. The geminal coupling in the free ligand is not observed. In the complex, the 
geminal coupling is 1.62 Hz, not so different from zero. Thus, it would appear that 
W(C0)5 is coordinated to Pa. 
H 
The chemical shift change for Pa in the free ligand and complex is 29 .1 ppm 
(-26.5 to 2.6), providing further support for the assignment. 
A comparison of31P{1H} NMR data of similar compounds is shown in Table 10. 
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Table 10. A comparison of 31P {1H} NMR data of similar compounds. 
Compound 0A OB 8c 3JAB 3JAc 3JBc 3Jwp Ref. 
Ph2P P 8 Ph2W(C0 )5 
2.63 1.08 -14.0 8.72 54.8 1.62 239 This 
work 
Ph2Pc H H>=<p APh2W(C0)5 
11.4 - - - - - 239 8 
H H 
H p APh2W(C0 )5 
13.1 - -6.4 - 9.5 - 238 41 
Ph2P H Ph2P8>=< P APh2W(CO)s 
4.9 -28.7 - 37.2 - - 238 41 
H H 
: >=<:::::W(CO)s 30.2 -12.1 - 68.4 - - 246 59 
H P APh2W(C0)5 
H >=<PaPh2W(CO)s 36.2 - - 20.2 - - 249 59 
Ph2P8 PAPh2 
Ph2Pc>=<H 
-
-6.8 -0.5 9.9 145. 0 42 26.5 -5 
C. Synthesis of (OC)sWP(tol)iCHiP(tol)z 
The following reactions were used to prepare the target derivative: 
P(tol)3 + 2Li (tol)2PLi + (tol)Li (21) 
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(tol)Li + (CH3)JCCl --- (CI-h)2C=CH2 t + LiCl-1- + PhCH3 (22) 
(23) 2(tol)2PLi + CH2C'2 P(tol)2CH2P(tol)2 + 2 LiCl 
P(tol)2CH2P(tol)2 + (OC)s WNH2Ph 
Table 11. Yield and NMR data for CH2[P(p-tol)2h and CH2[P(o-tol)2h 
%yield 1HNMR(ppm) :nP{1H } NMR 
CH2[P(p-tol)2h 43.2% 7. l -7.3(m), 2.3(s) (Fig. 27) -24.1 ppm (Fig. 28) 
CH2[P( o-tol)2h 27.7% 7.0-7.4(m), 2.3(s) (Fig. 31) -43.6 ppm (Fig. 32) 
The preparation of (OC)s W[ 771 -P( o-tol)2CH2P( o-tol)2] was not successful. In 
stead, the chelated product (OC)4 W[ 772P(o-tol)2CH2P(o-tol)2]was obtained, also identified 
was the remaining starting material, P( o-tol)2CH2P( o-tol)2 (Table 12). 
Table 12. Yield and NMR data for (OC)sWP(p-tol)2CH2P(p-tol)2 and (OC)4W[1/-P(o-
tol)2CH2P( o-tol)2] 
%yield :HP{ IH} N1vfR 
(OC)s W[ 771-P(p-tol)2CH2P(p-tol)2] 58.8% 6 8.1 ppm (d,2Jpp= 101.5 Hz, 1w-p=243.6 Hz) 
6 -25.7 ppm (d, 2Jpp= 101.S Hz) (Fig. 29) 
(OC)4 W[ rl-P( o-tol)2CH2P( o-tol)2] 45.4% 6 -21.0 ppm, Iw-p= 197.2 Hz) (Fig. 33) 
D. Long-range Phosphorus-Carbon Coupling Constants 
The phosphorus-carbon coupling, 4Jpc, between the dangling phosphines in 
tol)2CH2P(p-tol)2] were determined and compared to other relevant compounds (Table 
13). It would be expected that replacing a phenyl group with a tolyl group would make 
the phosphine group more nucleophilic. This could lead to an enhanced interaction 
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between the dangling phosphine and the cis- equatorial carbonyl groups. An inspection of 
the data shows that 4h c is greater for (OC)s W[ 771-PPh2CHiP(p-tol)2] (3 .2 Hz) than for 
either (OC)s W[ 171 -P(p-tol)2CH2PPh2] (2.9 Hz) or (OC)s W[ 171 -P(p-tol)2CH2P(p-tol)2] (2.8 
Hz). When the ditolylphosphine is coordinated, the tungsten atom becomes more electron 
rich which probably makes the carbon of CO less susceptible to nucleophilic attack. 
Therefore, in the case of (OC)s W[ r,1 -P(p-tol)2CH2P(p-tol)2], the bound ditolylphosphine 
group decreases the susceptibility of CO carbon to attack but the dangling 
ditolylphosphine group has more affinity for the CO group. This may explain why there 
is little difference between the 4Jpc value of (OC)s W[ 771-P(p-tol)2CH2P(p-tol)2] and 
(OC)s W[ 771-P(p-to1)2CH2PPh2] complexes. 
Table 13. Phosphorus-carbon coupling constants in pentacarbonyl tungsten complexes. 
Complex 4hc(eq) "Jpc(ax) :lJpc(trans) :lJpc( cis) 
(OC)s W[ 1/-PPh2CH2PPh2]45 3.0 0 22.0 6.9 
(OC)s W[ r/-PPh2CH2CH2PPh2]45 0 0 21.5 7.1 
(OC)s W[ r/-PPh2C(=CH2)PPh2]46 0 0 22.5 7.0 
(OC)s W[ 771-PPh2CH2P(p-tol)2]47 3.2 0 21.9 7.0 
(OC)s W[ 771-P(p-tol)2CH2CH2PPh2]47 2.9 0 21.7 7.1 
(OC)s W[ r/-P(p-tol)2CH2CH2P(p-tol)2] 2.8 0 21.8 6.9 
cis-(OC)4 W[ 771 -PPh2CH2PPh2](PPh2H)48 2.1 (equiv. Carbonyl groups) ---- 7.5 
2.7 (nonequiv. Carbonyl groups) 23.3 7.6 
(OC)s W[ 771-PPh2CH(PPh2)CH2PPh2]28 3.9 0 23 .7 6.5 
(OC)s W[ r/-PPh2CH2CH(PPh2)2]28 0 0 23 .1 7.3 
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E. Kinetic Study oflsomerization of (0C)sW[n1-PPh~CH~P(p-tol)v and (0C)sW[ n1-
P(p-tol)iCH6PPhtl 
Pentacarbonyl complexes of Ph2PCH2P(p-tol)2 were provided by Deliang Chen. 59 
31P{1H} NMR spectra are shown in Figures 35-37. 
A B 
This is a reversible reaction in which both the forward and the backward reactions 
are first-order as they proceed towards equilibrium. The net rate of disappearance of A is 
given by58 : 
-d[A]/dt = kr{A] - kb[B] (25) 
where kr and kb are rate constants of the forward and backward reactions, respectively. 
At equilibrium, 
-d[A]/dt = 0 
[B]eq I [A]c:q = K = kr/ kb 
Also, from the stoichiometry, we have 
[A]+ [BJ= [A]o + [B]o = (A]eq + [B]eq 
(26) 
(27) 
(28) 
(29) 
Substitution of equations (28) and (29) into equation (25), and rearrangement, gives the 
relation 
-d[A]/dt = (kr+ kb) ([A) - [A]eq) (30) 
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Integration between the usual limits gives 
ln [A] - [A]eq = -(kr+ kb)t + In ([A]o - [A]cq) (31) 
Therefore, a plot of In ([A] - [A]eq) versus twill be linear with 
slope = - (kr + kb) 
From the slope and equilibrium constant K, the individual forward and backward rate 
constants can be obtained. The half time to reach completion can be calculated by 
t 112 = (ln 2)/k (32) 
The time to progress one-half the way toward equilibrium is given by 
(33) 
The kinetic study was performed at a temperature of 55°C. The results are given 
in Table 13. 
Table 13. Kinetic data for isomerization of (OC)s W[ 171-PPh2CH2P(p-tol)2] at 
55°C in CDCb. 
t(s) [B]/[A] ln([A]-[A]eq) 
0 4.4 -1 .91 
102900 4.3 -1.94 
215400 4.16 -1 .97 
627900 4.14 -1.98 
903600 4.08 -1 .99 
1571400 4.01 -2.01 
1636500 3.94 -2.04 
1645680 3.82 -2.08 
1681320 3.52 -2.19 
1735140 3.06 -2.45 
1811580 2.74 -2.72 
1895100 2.55 -2.97 
1982820 2.39 -3.27 
2172360 2.2 -3.89 
2496300 2.11 -4.47 
2849520 2.08 -4.79 
3476940 2.03 -5.82 
00 2.00 
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A plot ofln([A] - [A]eq) vs. t (Fig. 38) gives a straight line with a slope of (2. l ± 
0.1) x 10·6 s·1. From this slope, kr and kd were determined to be (1.4 ± 0.6) x I0"6 s"1 and 
(6.9 ± 0.3) x 10·7 s·1, respectively. The equilibrium constant K is 2.0. Half lives to 
completion for the forward and reverse reactions are 5. 73 and 11. 6 days, respectively. 
The half life to equilibrium for the forward reaction is 3.84 days. 
The equilibrium constant at 55 °c shows that the linkage isomer with a 
coordinated ditolylphosphino group is more stable than the one with a coordinated 
diphenylphosphino group, consistent with the previously studied isomerization in 
reaction 3428. 
For the tungsten complexes, the rate constants for isomerizations kr and kb at 55 
°C in reaction 34 are 2.3 x 10·8 sec·1 and 9. 7 x 10·9 sec·1 respectively, about two orders of 
magnitude smaller than the corresponding k values for reaction 35. However, they are 
both much slower than the isomerization in reaction 36, which is four orders of 
magnitude faster than reaction 34 and two orders of magnitude faster than reaction 35. 
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According to Scheme 1, the rate of exchange of phosphorus groups in dangling 
complexes should be very sensitive to the length of the chain separating the phosphorus 
groups. Polyphosphines with no short arms would not effectively interact with cis 
carbonyl groups. In addition to a short arm, the model also requires a second arm to 
displace the coordinated phosphine. For (OC)s W[ r/-PPh2CHi!'(p-tol)2] and (OC)5 W[ 771-
P(p-tol)2CH2PPh2], although a short dangling arm is present, a second dangling arm is not 
present to displace the coordinated phosphine. The slower exchange rates compared to 
those in reaction 36 are consistent with the proposed model. However, the short dangling 
arm present in (OC)s W[ 771-PPh2CH2P(p-tol)2] and (OC)s W[ 771-P(p-tol)2CH2PPh2] should 
interact with the cis CO groups based on Scheme 1. The transition state should be 
stabilized by a van der Waals interaction between the cis carbonyl groups and the 
dangling CH2PPh2 group. This interaction leads to a weakening of the existing W-P bond 
and facilitates the formation of the new W-P bond. The interaction of the short arm with 
the CO groups helps to stabilize the transition state and for this reason, undergoes 
exchange faster than complexes in reaction 3 4. The dangling arm in ( OC)5 W[ 771 -
PPh2CH2CH2P(p-tol)z] and (OC)s W[ 1J1P(p-tol)zCH2CH2PPh2] is too long to effectively 
interact with the cis-CO group and a second short arm is not present and as a result the 
transition state is not stabilized. 
The comparison leads us to continue to believe that the second phosphine arm 
present in the complexes in reaction 36 plays a significant role in their transition states. 
Kinetic studies of the isomerization of (OC)sW[771-PPh2CH2P(p-tol)2] and 
(OC)5 W[ 771P(p-tol)2CH2PPh2] at 25 °C and 40 °C are in progress in other work. The 
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activation parameters generated from further kinetic and thermodynamic studies will lead 
to further mechanistic conclusions. 
46 
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